INTRODUCTION
The general study of thermodynamic properties of hemoglobin (Hb) intermediates at various specific states of oxidation offers potential insight into the mechanism of cooperative binding that is not possible from the examination of properties averaged over a wider distribution of species. For example, oxygen binding to partially oxidized hybrids of trout I Hb afforded useful information in detailed modeling of that system (1) . Recently, Smith and Ackers (2) have evaluated the cooperative free-energy of the ten specifically ligated (cyanomet) species of human hemoglobin, HbA°. Although cyanomet ligation is not exactly equivalent to reversible oxygen-binding, the specific thermodynamic information obtained for these species provides us with an unprecedented degree of detail about the distribution of cooperative free-energies among them.
The cooperative free-energy measured by Smith and Ackers (2) was determined by the difference between the free-energies for dimer tetramer association of each isolated, specifically ligated species and of the unligated form. By a thermodynamic cycle this is equivalent to the difference in the binding free-energy between a specific tetramer and the noncooperative dimers. Most current thermodynamic models describing cooperative binding have been formulated to account for the Adair constants, which do not acknowledge differences between configurations having the same number of ligands. The detailed, configurational species information now available from the Smith and Ackers study provides a much more stringent test for any proposed model.
In this paper we examine the predictions of the simple MWC model applied to Hb, finding it to account for most of the observed features, but to be inadequate in some respects. Those results suggest the inclusion of an internal positive or negative cooperativity within one of the allosteric forms of the MWC model such as has been used in the cooperon model (3, 4) . A similar approach was used by King (5) to explain the cooperativity of cyanide binding in complexes of nickel and zinc ions. Application of two-state modeling to the internal cooperativity has been found appropriate in the case of oxygen binding to tarantula hemocyanin, a 24-binding-site protein (6) . All these treatments may be considered to represent different aspects of the nesting idea as conceived by Wyman (7) . We show that with simple rules, like those introduced by Pauling (8) , describing interactions between subunits in the T form, it is $1.00 possible to describe all the presently known features of cooperative free-energies of cyanomet Hb derivatives.
Hemoglobin redox reactions, of which cyanomet ligation is an example, may also be represented in the form of an "electron binding" curve (fractional oxidation vs. oxidation potential) and are illustrated with data obtained some years ago (9) . This process, studied in the absence of cyanide, appears to be similar in the extent of cooperativity but different in detail from the binding processes examined by Smith and Ackers.
THEORY
For a given number i of ligands bound to the Hb tetramer, there may be a number of different configurations with respect to disposition of the ligands, which shall be referenced by the letter j. For human hemoglobin there are 10 uniquely ligated species, which are shown schematically in Table I . The cooperative free-energy for a given species is defined as the difference between the overall binding free-energy for the ijth species of the native Hb tetramer and the overall binding free-energy for the ith species of the noncooperative Hb dimers -AGij (coop) = RT In f, -RT In Kx, (1) where # is the overall binding constant without statistical factors (gij) for the reaction Hb + iX -HbXIJ with ligand X, and Kx is the intrinsic binding constant for X to the noncooperative Hb dimer. The cooperative free-energy has not been determined in full detail for oxygen binding, due to the difficulty of isolating the unstable individual species. However, the cooperative free-energies of specifically oxidized cyanide-ligated species, because of their greater stability, have been measured by Smith and Ackers and are shown in the first column of AGi(coop, MWC) = -RTIn (I + Zit (6) For a symmetrical binding curve Lc2 = 1 for a tetrameric macromolecule. With a typical L value and assuming for convenience symmetrical binding, we obtain the values shown in the second column of Table I . The cooperative free-energies predicted by the MWC model clearly demonstrate the three equally spaced free-energy levels discovered by Ackers. The leveling-off of the cooperative free-energies and their consequent equivalence at the third and fourth ligation steps in this model results from the essentially complete transition of the macromolecules to the R form by the third step of ligation. This fact is indicated by the logarithmic argument of the cooperative free-energy expression, given at the left in the column, which is seen to be on the order of 1/(1 + L) for the third and fourth ligation states. The model is, however, unable to account for the two different cooperative free-energies associated with doubly ligated Hb when the molecule is ligated either on both types of chains (species 21 and 22 in Table I ) or on just one type of chain (species 23 and 24). To explain this splitting, a model must distinguish between these configurations, as the simple MWC does not.
Since the majority of Smith and Ackers' observations are nevertheless explainable in terms of the simple MWC model, it seemed likely to us that a simple modification would yield all of the observed cooperative free-energies. By allowing one or both of the MWC allosteric states to individually possess cooperativity, according to the cooperon idea (3), we introduce a way of describing differences in single ligation-state energy levels.
For human Hb, the simplest version (4) of the generalized cooperon model (3) proposes the cooperative substructures to be a(3 dimers, although other subunit pairs could be chosen within the tetramer and yield similar results. The binding polynomial for the a1,#, dimer (where the a and ,B chains are considered identical) nested in the T form of an MWC-type model is all = 1 + (K4' + Ki) X + 6 K4iK4X, (7) where the KT are the binding constants for the a, or #I subunits of the macromolecule in the low-affinity (T) form and 6 is an interaction parameter with a value <1 when the dimer is negatively cooperative and >1 when the dimer is positively cooperative. The binding polynomial for the a2(2 dimer has the same form as Eq. 7 shown in the column of A nested interaction involving more than two sites, or in the terms of the cooperon idea (3), a cooperon "valency" higher than two, quantitatively accounts for the observations of Smith and Ackers by introducing the flexibility of the Pauling (8) or KNF (13) approach. This requires the formulation of a consistent set of rules that apply to the changes of interactions between subunits upon ligation of one or more of them. A feasible scheme is indicated in Fig.  1 . A tetrameric cooperon in the T form of the macromolecule is depicted by a square arrangement of subunits interacting along the diagonals and the sides. This arrangement recalls the 12H4 subunit interaction scheme for tetramers with isologous (aa or (3() and heterologous (af3) interactions, which was proposed by Cornish-Bowden and Koshland (14) as an extension of the KNF tetrahedral interaction scheme (13) . The binding polynomial PI2H4 for the T-form tetramer is the sum of the terms representing the relative populations shown beneath each species. A simplifying assumption proves appropriate in allowing all interactions to be of correlated strength, i.e., 5-' = -y (symbols are explained in Fig. 1 ). The binding polynomial for the Hb molecule modeled with a noncooperative R form and the 12H4 cooperon for the T form is then These are shown in Fig. 2 a. The theoretical line representing the 12H4 cooperon model is coincident with that obtained from the data of Smith and Ackers.
As noted above, the cooperative free-energies for any model lead directly to the binding polynomial and to the fractional degree of oxidation in an equilibrium solution as a function of oxidation potential. Measurements of this quantity for HbA°have been performed (9) , although in the absence of cyanide, and a Hill plot of the binding process is shown in Fig 2 b . There is a similarity in the degree of cooperativity for both curves, but the presence of multiple inflection points is not immediately evident in Fig.  2 b and may reflect the difference between oxidation in the presence and absence of cyanide. Complex binding shapes of this sort have been observed in the case of reversible oxygen binding to Trout IV hemoglobin at low pH, but these observations have been explained by simple heterogeneity of binding sites (15) . In any case the redox process in the presence of cyanide appears to be quite different from the physiological process of oxygen binding to human hemoglobin.
In summary we have demonstrated that a simple extension of the allosteric MWC model, incorporating cooperative interactions in the T the state as described by an 12H4 cooperon, can account for the detailed cooperative freeenergies of the ten cyanomet ligation states for HbA°as observed by Smith and Ackers (2) . We have also shown how these cooperative free-energies can be used to obtain oxidation polynomials and Hill plots for the oxidation process. Comparison of these Hill plots to those determined electrochemically for hemoglobin yield general agreement in overall cooperativity but differences in detailed shape, presumably due specific effects of cyanide binding.
